Brillouin spectra measurements have been carried out from 800 to 100 K for Pb(Sc 1/2 Ta 1/2 )O 3 in back-scattering geometry. The frequency of the longitudinal acoustic (LA) phonon begins to show marked softening followed by an increase in its width below the intermediate temperature T * = 450 K. The gradual increase in the width of the LA phonon below T * is attributed to the electrostrictive coupling between the local polarization and strain. The frequency of the LA phonon mode exhibits anomalous behavior around 295 K, the phase transition temperature. The width of the LA phonon exhibits a sharp Landau-Khalatnikov-like maximum at 295 K. A central peak begins to appear around T * and exhibits critical slowing down upon further cooling. The relaxation times calculated for the LA phonon and central peak indicate the order-disorder nature of the phase transition.
I. INTRODUCTION
Relaxor ferroelectrics (RFE) are characterized by a broad and frequency-dependent maximum in the dielectric susceptibility as a function of temperature, broad distribution, and divergence of relaxation time on cooling with no macroscopic change in crystal structure. 1 The origin of the complex behavior exhibited by RFEs is found to be due to the nucleation and growth of the polar nanoregions (PNRs) that begin to appear at a temperature, the so called Burns temperature T B . 2 Extensive studies on the dynamical aspects of PNRs have been carried out in prototype RFEs such as Pb(Mg 1/3 Nb 2/3 )O 3 (PMN) and other related systems through neutron and light scattering studies. [3] [4] [5] [6] [7] [8] [9] Brillouin scattering studies in these systems directly revealed the dynamical features of the PNRs such as the slowing down of their relaxation time and the coupling between the polarization fluctuations and acoustic phonon modes through the appearance of central peak (CP) and softening of the acoustic phonon mode. [6] [7] [8] [9] This paper focuses on micro-Brillouin scattering studies on the dynamical aspects of PNRs in partially ordered Pb(Sc 1/2 Ta 1/2 )O 3 (PST) without any Pb vacancies. PST-type compounds exhibit varied ferroelectric behavior depending on the degree of B-site ordering. Quenched PST exhibits a random distribution of B-site cations and shows a relaxor-type ferroelectric behavior whereas the annealed one shows a long-range ordering of B-site ions and exhibits normal ferroelectric behavior. 10 A spontaneous relaxor-to-ferroelectric phase transition accompanied by a change in the structure from cubic to rhombohedral below T m , the temperature of maximum dielectric constant has also been observed in these systems. [11] [12] [13] Raman and IR spectroscopic studies of PST showed the increase in intensity and narrowing of the width of the phonon modes with increase in B-site chemical ordering. 14, 15 The presence of Pb vacancies also strongly influences the structural and dielectric behavior of PST. It has been found that in disordered PST with Pb vacancies (PST-DV) the spontaneous relaxor-ferroelectric transition is suppressed and the compound shows only relaxor behavior. The dielectric response of PST-DV is also considerably reduced and T m shifts to a lower temperature with respect to that without Pb vacancies. 11 Brillouin light scattering studies on PST-DV showed broad anomalies of longitudinal acoustic (LA) phonon modes at T m and a central peak (CP). 16 Since the degree of B-site chemical ordering and the presence of Pb vacancies influence the ferroelectric behavior, it is also expected to influence the behavior of acoustic phonon modes and the CP. The aim of the present work is to study the anomalous behavior of acoustic phonon and CP across the phase transition by Brillouin light scattering for a partially ordered PST single crystal without any Pb vacancies.
II. EXPERIMENT
Single crystals of PST were grown by a flux method as described elsewhere. 17 To determine the degree of B-site ordering (S parameter), powder x-ray diffraction was carried out using Philips X'Pert MPD diffractometer on the crushed single crystals. Dielectric measurements were carried out using a digital LCR meter in the temperature range 100-450 K. Brillouin light scattering measurements were performed on the (100) surface of the crystal in back-scattering geometry using a high-contrast 3 + 3 pass Sandercock tandem Fabry-Perot interferometer. A diode-pumped solid-state laser (Coherent Compass 532) of wavelength 532 nm was used as an excitation source. Measurements were carried out in the FSR (Free Spectral Range) ranges of 75 and 400 GHz in the temperature range of 800-100 K using a Linkam (THMS 600) cryostat.
III. RESULTS AND DISCUSSION
The powder x-ray diffraction pattern of PST is shown in Fig. 1 For completely ordered PST, the theoretical intensity ratio I 111 /I 200 is 1.33. 18 The degree of B-site ordering of as-grown single crystals is found to be S = 0.55. The average size of the ordered domains calculated from the width of the super-structure reflection is about 10 nm. The low-frequency dielectric dispersion shown in Fig. 2 indicates that PST exhibits a weak relaxor-like behavior. The value of T m , the temperature at which the dielectric constant reaches maximum obtained from the dielectric measurements, is 297 K. The x-ray diffraction studies for the similarly ordered PST show that at T m the structure changes from cubic to rhombohedral. range of 75 GHz at some selected temperatures. The spectra were fitted with the Voigt function with the fixed Gaussian width to account for the instrumental broadening. Above 295 K, only the LA phonon mode could be observed at the back-scattering geometry. A transverse acoustic (TA) phonon mode appears below 295 K. However, the TA phonon mode does not exhibit noticeable temperature dependence below T m and hence will not be discussed further. The temperature dependence of Brillouin shift of the LA phonon mode and its width (FWHM) are shown in Fig. 4 . Above 600 K, the Brillouin shift and FWHM of the LA phonon mode is almost constant independent of temperature. Since no interaction is expected to exist between the LA phonon and other degrees of freedom in this high-temperature range, the temperature dependence of LA phonon is mainly governed by the lattice anharmonicity. Below 600 K, the LA phonon mode begins to deviate from the normal high-temperature behavior and exhibits marked softening with decrease in temperature. Further, the frequency of the LA phonon exhibits a sharp minimum at 295 K, the transition temperature. As shown in Fig. 4 , the width of the phonon mode begins to show a gradual increase at 450 K with a sharp maximum at the transition temperature. The behavior of the LA phonon mode in the present study is in contrast to PST-DV, 16 where the relaxor behavior is retained due to the suppression of the spontaneous structural phase transition. In PST-DV, the relaxor characteristics are also clearly manifested in the broad anomalous features of the LA phonon across T m and also in the absence of the TA mode throughout the temperature range measurement. In the present study, very sharp anomalies of the LA phonon at T m followed by the appearance of the TA mode below T m clearly reveal the occurrence of the phase transition from cubic to rhombohedral structure. As can be seen from Fig. 4 , the gradual softening of the frequency followed by the gradual increase in the width of the LA phonon far above T m reveals that the order parameter fluctuations (polarization fluctuation) are the dominant dynamic mechanism. The dynamic fluctuation contribution is a characteristic of a Q 2 ε-type quadratic coupling (electrostriction), squared in order parameter and linear in strain. The expression for the free energy density in the Landau theory of phase transition has the following three parts:
The first term is the free energy associated with the order parameter Q i , i.e., polarization P in the present case, the second term is the free energy associated with the strain ε k , and the last term is the free energy of the interaction between the order parameter and strain. The coupling term F c is usually written in terms of increasing powers of ε k and Q i as
The first term is the bilinear coupling between the order parameter and strain while the second term corresponds to the quadratic coupling between the order parameter and the strain. The effective elastic constant due to the change in polarization, driven by the change in strain is given by
Since there is no macroscopic spontaneous polarization ( P = 0) owing to the random orientations of PNRs in the relaxor phase of PST, one can expect the quadratic coupling between the order parameter and strain to be the dominant in the coupling free energy F c . The change in elastic constant for quadratic coupling can be written as
where P 2 is the square of the local polarization, γ is the electrostrictive coefficient and χ (ε ) is the clamped susceptibility for the order parameter. The classical Landau theory for second-order phase transition predicts only a steplike anomaly for C(T ) at the phase transition temperature. Therefore Landau theory cannot explain the significant softening of the LA phonon between 600 K and T m . In RFEs, however, the local polarizations appear at T B and gradually grow with decrease in temperature. Although the average polarization is zero, their appearance will contribute to the decrease in the elastic constant due to the quadratic coupling ( P 2 = 0). In the prototype RFEs such as PMN and PMT indeed the elastic constant begins to exhibit a gradual decrease below T B . 20, 21 In these systems, the decrease in the elastic constant from T B evolves continuously with a broad minimum at T m . For PST also, as in prototype relaxors, quadratic coupling between the PNRs and strain is clearly manifested with the gradual decrease in the frequency of the LA phonon at T B = 600 K followed by increase in its width notably from 450 K as shown in Fig. 4 . Note that the structural phase transition in PST is accompanied by the spontaneous transition from relaxor to normal ferroelectric phase. Normal ferroelectric state in PST is characterized by long-range ferroelectric order with nonvanishing macroscopic spontaneous polarization ( P = 0) along 111 direction. 12 In this case, one would expect the first term, i.e., bilinear coupling, linear in order parameter (polarization) and strain to be the dominant term in the coupling free energy F c . Therefore the sharp damping maximum for the LA phonon at 295 K can evidently be connected with the Landau-Khalatnikov-like relaxation mechanism, which is associated with the bilinear coupling. The behavior of the width of the LA phonon in the present study is very similar to that is observed in Rb 1−x (ND 4 ) x D 2 AsO 4 with x = 0.10 and Pb(Zn 1/3 Nb 2/3 )O 3 (PZN)-9.5%PT. 22, 23 Both these systems exhibit quadratic-type coupling far from the transition temperature and show a weaker Landau-Khalatnikov-type maximum at the transition temperature. The relaxation time τ LA related to the LA phonon below T m can be calculated assuming a single relaxation time, from the following relation:
19,24,25
where υ ( ) is the observed Brillouin shift (width) at a given temperature and υ ∞ ( ∞ ) is the Brillouin shift (FWHM) not affected by the structural phase transition. The constant values of υ and in the high-temperature limit is used for υ ∞ (48.5 GHz) and ∞ (0.27 GHz). The temperature dependence of the inverse relaxation time (1/τ LA ) related to LA phonon as shown in Fig. 5 exhibits approximately a linear behavior. Such a behavior is known as "critical slowing down" where 1/τ LA is found to satisfy the following relation:
Best fit to the experimental data with Eq. (6) In the FSR range of 400 GHz as shown in Fig. 6 , a broad relaxation mode (quasi-elastic scattering or central peak) with the marked temperature dependence is clearly observed around the Raleigh tail. The CP begins to appear at about 450 K and its intensity increases further upon cooling. Assuming a Debye relaxation process, CP could be independently fitted with a single Lorentzian function centered at zero frequency. The temperature dependence of the width and the integrated intensity of the CP are shown in the Figs. 7(a) and 7(b) . A decrease of the width of the CP followed by an increase in the intensity upon cooling towards T m is observed. In relaxor ferroelectrics, CP that begins to appear well above T m is attributed to the relaxational dynamics of PNRs. 5, 7 As shown in Fig. 7 , the decrease in the width and increase in the integrated intensity of CP indicates critical slowing down of the relaxation time and increase in the correlations between the PNRs with decrease in temperature. The ratio of the temperature to the integrated intensity of CP, T /I cp (I cp is the intensity of the central peak) is proportional to the inverse susceptibility as given below:
As shown in Fig. 8 , linear fit of the relation
in the vicinity of the phase transition is shown in Fig. 9 . τ cp is the relaxation time of the polarization fluctuations obtained from the central peak. The best fit of the experimental data yields τ * = 2.3 ps and τ 2 = 7.7 ps. The value of τ * is similar to that reported for KD 2 PO 4 (1.3 ps for T > T c ) 30 which exhibits order-disorder behavior in the vicinity of the transition temperature. A similar value is reported for disordered Pb(Sc 1/2 Nb 1/2 )O 3 (PSN) in the cubic phase (5 ps). 31 These observations suggest that the CP originates from the polarization fluctuations and that an order-disorder mechanism contributes to the slowing down of the relaxation time.
Recent Raman and neutron scattering and acoustic emission studies have revealed more insights about the strong correlations between the local polarization of PNRs and strain. Based on the temperature evolution of the diffuse neutron and Raman scattering on PMN and PZN and PZN-xPT with x = 0.045, Toulouse et al. 32 suggested the existence of another characteristic temperature between T B and T m . Existence of this temperature T * was reflected in the anomalous variations in the intensity and the frequency of Raman optical modes and central peaks. T * has been suggested as the onset temperature of the development of strong correlations between the initially nucleated small dynamic PNRs. According to Toulouse et al. 32 the temperature range between T B and T * can be identified with the formation of short lived correlations between the off-centered ions, which results in the formation of small dynamic PNRs, while the range between T * and T m is characterized by the coupling between the adjacent PNRs and their aggregation to form larger static PNRs. Acoustic emission studies in PZN and PZN-PT systems also confirmed the existence of this intermediate temperature T * and revealed that the corresponding local structural transformations are associated with the changes in the local strain fields. 33, 34 It has been demonstrated recently that T * is the same (500 ± 30 K) for all Pb-based relaxor ferroelectric systems. 35 It has also been shown through Brillouin scattering studies that in relaxor ferroelectric systems, significant softening of acoustic phonon and the appearance of CP begin to take place around T * . 36 A recent study on the temperature evolution of phonon anomalies and unit cell parameter in PST and (Pb 0.78 Ba 0.22 )(Sc 0.5 Ta 0.5 )O 3 revealed the existence of T * . 37 For PST with the ordered domains of 6-nm size, the reported value of T * is 450 K. 33 In the present study, since the average size of the ordered domains is about 10-nm, it can be expected that T * would be close to that reported for PST with 6-nm ordered domains. 33 As shown in Fig. 2 , an actual increase in the width of LA phonon at 450 K signifies the increase in the correlations between PNRs. In addition, an increase in the intensity of CP and a decrease in its width indicate that the density of PNRs and their interactions between them begin to increase at 450 K. Therefore, in conjunction with Raman and x-ray diffraction studies, the temperature 450 K at which the width of the LA phonon begins to show a noticeable increase is identified with the intermediate temperature T
* . In the systems like PMN, PMT, as well as PST-DV, the strong correlations between PNRs does not lead to a macroscopic ferroelectric order whereas in PST, the strong correlations between PNRs that begin at T * lead to a long-range ordered dipolar state below transition temperature. In fact, the sharp damping maximum at the transition temperature is normally attributed to the rapid growth of long-range ferroelectric ordering. 23 Consequently, PST exhibits crossover behavior from the quadratic-type coupling in the relaxor phase to the bilinear coupling in the ferroelectric phase.
IV. SUMMARY AND CONCLUSION
We have found by Brillouin scattering in PST that the LA phonon exhibits a sharp anomaly across the phase transition from relaxor cubic to ferroelectric rhombohedral state. The significant increase in the damping of the LA phonon below T * = 450 K is attributed to its electrostrictive coupling of the strain with the local polarizations of quasistatic PNRs. The cubic-rhombohedral structural phase transition at 295 K is evidenced from the sharp minimum in the frequency followed by the sharp maximum in the width of the LA phonon. The sharp damping maximum at 295 K is attributed to the Landau-Khalatnikov-like relaxation mechanism. The temperature dependence of CP exhibits a critical slowing down near the phase transition in the cubic phase. The relaxation time calculated for the LA phonon and the CP suggests the order-disorder nature of the phase transition.
